Abstract-Pressure-overload left ventricular hypertrophy (LVH) is characterized by an increase in myocyte size and fibrosis. However, it is not clear how each of these components affects hypertensive heart disease (HHD). We have shown in 2 different rat models of hypertension that cardiac fibrosis can be reduced with N-acetyl-seryl-aspartyl-lysylproline (Ac-SDKP), an antifibrotic peptide normally present in mammals. To assess how inhibition of fibrosis affects HHD, spontaneously hypertensive rats (SHR) and normotensive controls (WKY) were treated with Ac-SDKP or vehicle. Cardiac systolic and diastolic function were assessed using in vivo pressure-volume (PV) analysis. Left ventricle passive compliance was also determined ex vivo. We found that in SHR, Ac-SDKP normalized left ventricle total collagen content and interstitial collagen fraction without changing myocyte diameter or left ventricle mass. In WKY, collagen did not change significantly after treatment. Ac-SDKP did not affect left ventricle diastolic function, determined in vivo and ex vivo in SHR and WKY, whereas systolic function was significantly decreased in SHR treated with Ac-SDKP and unchanged in treated WKY. We concluded that in adult SHR, reducing left ventricle collagen deposition with Ac-SDKP does not improve diastolic function, whereas it decreases systolic performance. These findings suggest that total left ventricle collagen reduction per se does not necessarily benefit cardiac function. In HHD, other factors besides collagen quantity, such as myocyte hypertrophy and/or collagen type or cross-link, might be targeted to improve cardiac function. 
L eft ventricular hypertrophy (LVH) associated with hypertension is an independent cardiovascular risk factor that, if left untreated, will lead to heart failure (HF). [1] [2] [3] Transition from LVH to HF is characterized by increases in myocyte size and interstitial fibrillar collagen. In addition, changes in the expression of contractile proteins from mature to fetal isoforms may interfere with normal cardiovascular performance. 4, 5 Many LVH-targeted treatments modify myocyte contractile protein synthesis and fibrosis while lowering arterial blood pressure (BP), making it difficult to elucidate the specific role played by each of these components in the development of HF. 6 -8 In the heart, fibrosis, composed mainly of fibrillar types I and III collagen, forms a delicate sheath that interconnects bundles of contractile units. Although the excessive cardiac collagen accumulation that develops in hypertension has been implicated in the pathogenesis of hypertensive heart disease (HHD), published data disagree regarding the impact of total collagen reduction on heart function. Kim et al showed that prolonged overexpression of cardiac matrix metalloproteinase-1 in mice led to loss of interstitial collagen with deterioration of contractile function. 9 Other investigators also reported that in cats with pressureoverload LVH, acute regression of fibrosis decreased systolic performance without altering isolated myocyte contractility, suggesting that collagen deposition could play an important role in optimizing myocardial systolic performance. 10 However, several studies have shown that regression of fibrosis ameliorates systolic and/or diastolic dysfunction. 11, 12 Some of these studies have involved drugs commonly used in the clinical arena, such as angiotensin-converting enzyme inhibitors, which modify the expression of contractile and noncontractile elements as well, reducing ventricular mass and/or BP in addition to collagen reduction. 8, 13 In the present study, we tested the hypothesis that reduction of total cardiac collagen accumulation without changing either myocyte hypertrophy or BP will negatively affect cardiac function in spontaneously hypertensive rats (SHR), a model that in certain ways resembles hypertension in humans. 14 To this end, we studied in vivo left ventricle (LV) function with a micromanometer-conductance catheter system at different preloads. To prevent collagen accumulation in the heart, we administered N-acetyl-seryl-aspartyl-lysyl-proline (Ac-SDKP), 15 which is endogenously released from its protein precursor thymosin ␤-4 and inhibits entry of pluripotent stem cells into the S phase, maintaining them in the G 0 /G 1 phase. This tetrapeptide is normally present in mammalian plasma and in tissue where angiotensin-converting enzyme is present and is hydrolyzed almost exclusively by angiotensin-converting enzyme. 16 Long-term or short-term administration of the angiotensin-converting enzyme inhibitor captopril prevented degradation of endogenous Ac-SDKP and raised its circulating concentration 5-fold. We have previously demonstrated that Ac-SDKP reduced LV fibrosis in 2 different rat models of hypertension, 17, 18 suggesting that this peptide could partially mediate the antifibrotic effects of angiotensin-converting enzyme inhibitors. Interestingly, these effects were achieved without altering either BP or ventricular mass, making it an ideal compound to test our hypothesis.
Methods

Animals and Procedures
The 9-month-old SHR and normotensive controls (WKY) were acquired from Taconic Farms (Germantown, NY) and maintained at a constant room temperature (22°C) and 12-hour light/dark cycle. We decided to test our hypothesis in rats of this age because they exhibit a marked difference in LV collagen content compared with WKY, and we have previously found that at this age, SHR have diastolic dysfunction with supranormal systolic performance, 19 probably reflecting a pre-HF stage.
All animals were given standard rat chow and water ad libitum. After remaining in the animal facility for 1 week, BP was measured by tail-cuff once per week for 3 weeks and every 2 weeks thereafter until the end of the protocol. At age 10 months, SHR were randomized to either Ac-SDKP (800 g/kg per day; obtained from Drs Domenico Regoli and Witold Neugebauer, University of Sherbrooke, Canada) diluted in 0.01 N acetic acid (Ac-SDKP; nϭ10) or 0.01 N acetic acid alone (vehicle; nϭ11). This dose was selected based on previous experience from our laboratory. 18 Drugs were administered via osmotic minipumps (Alzet) implanted subcutaneously under anesthesia (methohexital 50 mg/kg IP) and replaced every 4 weeks. After 4 months, when they were 14 months old, rats were anesthetized with the long-lasting agent thiobutabarbital (Inactin, 100 mg/kg IP). Additional boluses of 10 mg/kg were administered if necessary to stabilize anesthesia, pinching the tail with a forceps until no movement was observed. The abdomen, chest, and neck were shaved and in vivo cardiac pressurevolume (PV) loops and ex vivo PV relationships were obtained as described. After the experiments, hearts were dissected, weighed, and preserved for determination of hydroxyproline, interstitial collagen volume fraction (CVF), and myocyte cross-sectional area (MCSA). 10-month-old WKY (nϭ6) and SHR (nϭ7) were also euthanized, and their hearts were removed, weighed, and preserved for baseline measurements.
In Vivo PV Loops
Rats were placed on a warm pad (37°C) and ventilated. A 2-French miniaturized combined conductance catheter-micromanometer (model SPR-819; Millar Instruments, Houston, Tex) connected to a pressure-conductance unit (MPCU-200; Millar) was advanced into the LV as described previously. 19 PV loops were recorded at baseline and during unloading by gently occluding the inferior vena cava with a cotton swab. Time-varying volume was obtained as described previously 20, 21 according to the formula:
where V indicates volume; Gtot, total conductance; Gp, parallel conductance of surrounding structures; L, distance between catheter electrodes (9 mm); and , conductivity of blood.
Volume was calibrated as described previously, using simultaneous Doppler echocardiography (Sequoia C 256 with a 15-MHz transducer; Acuson). Parallel conductance from surrounding structures was calculated by the hypertonic saline method as described previously. 19, 22 Data were analyzed using Millar conductance data acquisition and analysis software. The following parameters were calculated: enddiastolic PV relationship (EDPVR) and the time constant of LV pressure decay, tau (), as determinants of end-diastolic stiffness and relaxation, respectively; maximum dP/dt/instant developed pressure (ϩdP/dt/iP) as an index of isovolumic contraction; and preload recruitable stroke work as a determinant of LV systolic performance.
Ex Vivo PVR
Immediately after terminating each in vivo experiment, hearts were stopped with 15% KCl and removed. A PE-50 tube connected to a pressure transducer (Gould Instruments, Cleveland, Ohio) was passed through the aorta into the LV. The atrioventricular groove was sealed with 4-0 silk. A 23-gauge needle was inserted into the LV apex and saline solution (0.9% NaCl) infused through it at a constant rate (675 L/min) after aspirating the LV to generate a negative pressure of Ϫ5 mm Hg as described by Raya et al. 23 The RV was incised to avoid fluid accumulation. At least 2 PV curves (from Ϫ5 to 35 mm Hg) were obtained from each heart within 10 minutes after arrest. Volumes were corrected for chamber volume at 0 mm Hg pressure.
Hydroxyproline Assay, CVF, and MCSA Analysis
Each LV was weighed and sectioned into 3 slices. The slices were rapidly frozen in isopentane precooled in liquid nitrogen and stored at Ϫ70°C. One LV sample was stored at Ϫ20°C until the hydroxyproline assay.
Collagen content of myocardial tissue was determined by hydroxyproline assay as described elsewhere. 18 Briefly, samples were freeze-dried, weighed, and pulverized. Each sample was homogenized in 0.1 mol/L NaCl and 5 mmol/L NaHCO 3 , washed with the same solution 5 times, and hydrolyzed in 1 mL 6N HCl for 16 hours at 110°C. Samples were filtered, vacuum-dried, and dissolved in distilled water. Hydroxyproline was measured using a colorimetric assay. 17 Data were expressed as micrograms of collagen per milligram of dry weight, assuming that collagen contains an average of 13.5% hydroxyproline.
Sections 6-m thick were cut from each frozen slice and stained separately with: (1) fluorescein-labeled peanut agglutinin (Vector Laboratories) after pretreatment with 3.3 U/mL neuroaminidase type V (Sigma) to delineate myocyte cross-sectional area (as an indicator of myocyte volume) and the interstitial space (consisting of collagen and capillaries); and (2) rhodamine-labeled Griffonia simplicifolia lectin I to show only the capillaries, because it selectively binds to capillaries. Three radially oriented microscopic fields were selected at random from each section and photographed using a fluorescence microscope (Nikon) equipped with a spot digital camera (X100; Diagnostic Instruments). Each field contained Ն100 myocytes. Total surface area, MCSA, interstitial space (collagen plus capillaries), and area occupied by capillaries alone were measured by computerassisted videodensitometry (JAVA; SPSS). Interstitial CVF was calculated as percent surface area occupied by the interstitial space minus percent surface area occupied by capillaries. CVF and MCSA were averaged using data from all 3 slices.
Statistical Analysis
Results are expressed as meanϮSE. Differences between groups were compared by ANOVA followed by Schaffe test, considering PϽ0.05 as statistically significant.
Results
General characteristics of WKY and SHR are shown in Table. At this age, SHR are smaller and exhibit LVH and delayed LV relaxation compared with WKY. Ac-SDKP did not affect heart rate, body weight, left ventricular weight/body weight, left ventricle end-diastolic volume, or MCSA in either strain. Ac-SDKP did not affect systolic BP levels during the 4-month treatment period as shown in Figure 1 . Figure 2 shows LV collagen for WKY and SHR at baseline and after 4 months of either Ac-SDKP or vehicle. In WKY, baseline LV collagen was 12.8Ϯ0.66 g/mg dry weight and it increased to 22Ϯ0.8 after 4 months. This increase in LV fibrosis is probably secondary to aging and has already been described in this strain. 24 Ac-SDKP tended to decrease collagen in these rats (17.9Ϯ1.9 g/mg dry weight), although this reduction did not reach statistical significance.
In SHR receiving vehicle, collagen increased from 14.7Ϯ0.74 to 27Ϯ1.85 g/mg dry tissue after 4 months. In SHR receiving Ac-SDKP, collagen content was significantly less (21.6Ϯ0.23 g/mg dry tissue, the same as age-matched WKY). CVF was also lower in Ac-SDKP-treated SHR than in the vehicle group (11.08%Ϯ1.09% versus 7.34%Ϯ0.8%; PϽ0.05), whereas no significant change was observed after treatment in WKY (7.1%Ϯ0.4% versus 6.5%Ϯ0.6%; PϭNS). There was no difference in capillary density between vehicle-treated and Ac-SDKP-treated groups (1506Ϯ174 versus 1390Ϯ197 cap/mm 2 ; PϭNS). 
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affected by Ac-SDKP (100.3Ϯ4.1 versus 113Ϯ9.7 seconds Ϫ1 ; Pϭns); however, it was significantly reduced in SHR treated with Ac-SDKP (105.1Ϯ5.2 versus 79.9Ϯ6.9 seconds Ϫ1 , vehicle, and Ac-SDKP; PϽ0.05). Preload recruitable stroke work, a load-independent index of chamber performance, was also significantly decreased in the Ac-SDKP group (234Ϯ11.5 versus 165Ϯ22 mm Hg; PϽ0.05) and showed no change after treatment in WKY (82Ϯ14 versus 91Ϯ6 mm Hg, Ac-SDKP, and vehicle; Pϭns).
Diastolic function was evaluated in vivo and ex vivo. In the beating heart, Ac-SDKP did not affect relaxation (ϭ12Ϯ0.4 versus 11.6Ϯ0.7 ms for untreated and treated WKY and 16.3Ϯ1.3 versus 17.2Ϯ0.7 ms for SHR; PϭNS, treated versus untreated) (Table) . Typical PV loops from vehicletreated and Ac-SDKP-treated WKY and SHR are shown in Figure 4 . Judged by EDPVR, there was no difference in end-diastolic stiffness between vehicle and Ac-SDKP groups. Values for EDPVR (slopes) are shown in Figure 5 . The ex vivo LV passive PV curves ( Figure 6 ) again showed no significant difference between untreated and treated rats, indicating that Ac-SDKP did not affect passive stiffness despite the reduction in fibrosis.
Discussion
We found that long-term treatment with Ac-SDKP normalized total cardiac collagen accumulation in adult SHR without affecting the diastolic dysfunction that characterizes this model. 19 Furthermore, systolic function was slightly impaired by this antifibrotic treatment, suggesting that factors other than total LV collagen must be targeted to improve cardiac function. To our knowledge, this is the first report to evaluate the impact of total collagen reduction on cardiac function using pressure-conductance methodology in these animals. This technique allowed us to study systolic and diastolic functions simultaneously at varying preloads in the beating heart.
The pathological LVH that accompanies HHD typically involves increases in myocyte hypertrophy and collagen content. In our study, SHR treated with Ac-SDKP evidenced decreased systolic function, suggesting that in this model reducing total collagen without reducing BP or LV mass may interfere with optimal performance. Although cardiomyocytes are known to be central to the contractile function of the myocardium, the extracellular matrix provides a scaffolding for myocytes and vasculature, maintaining the appropriate geometric structure of the heart 25 and proper alignment of myocytes and enabling optimal transduction of the coordinated force generated by cardiac contraction. 9 Systolic performance was assessed by PV analysis, a load-independent method. Because there was no change in heart rate between Ac-SDKP and vehicle groups, our results really represent changes in the contractile state of the chamber. These findings are in agreement with Baicu et al, who found that in hypertrophied papillary muscles from cats, acute regression of fibrosis with plasmin through activation of matrix metalloproteinases negatively affected systolic function. 10 In Baicu's study, when contractility was assessed in isolated myocytes exposed to the same treatment, it was no different from nontreated myocytes, suggesting that collagen may play an important role in interaction between myocytes and thereby optimize ventricular systolic function. Alternatively, others have suggested that disruption of the extracellular matrix could interfere with compensatory cellular signaling processes that may occur naturally in LVH, ultimately affecting cardiac function. 9 Although we cannot completely exclude the possibility that the effects observed in our study were secondary to mechanisms other than collagen reduction, the fact that Ac-SDKP did not modify systolic function in WKY (in which collagen was not significantly reduced) suggests that in treated SHR, the reduction in systolic performance is caused by reduced LV total collagen and not to a direct effect on cardiac contractility. However, it is important to emphasize that the effects of fibrosis reduction on systolic function may differ during other stages of hypertrophy. The model we studied represents a compensated stage of hypertrophy in which fibrosis may play a crucial role in coordinating the contractile forces of these hypertrophied myocytes. Interestingly, there was no significant difference in volume of the hearts between treated and untreated SHR, suggesting that the reduction in contractility was not accompanied by chamber dilatation.
Diastolic dysfunction is a complex alteration characterized by an abnormal LV filling pattern. Although this condition has been studied for many years, its pathophysiology remains unclear. 26 Alterations in diastole can be caused by abnormalities in relaxation, stiffness, or both, although recent evidence shows that the mechanisms involved are far more complex and may include changes in arterial compliance as well. 27 Relaxation, an active process, is determined primarily by calcium uptake by the sarcoplasmic reticulum and usually takes place early in diastole. Classically, it is assessed by the time constant of LV isovolumic pressure decay (). 28 Accurate evaluation of end-diastolic stiffness is more complicated and is better assessed by EDPVR, 22 as in the present study. This index represents the slope of the line (or curve) connecting different end-diastolic PV points at varying preloads. Ac-SDKP did not affect end-diastolic stiffness in WKY or SHR compared with nontreated rats. Neither the in vivo EDPVR nor the ex vivo passive PV relationship was different in Ac-SDKP-treated animals compared with vehicle. It is generally accepted that stiffness depends primarily on passive structural components of the myocardium; 12, 26, 29, 30 however, some of the studies that led to this conclusion evaluated the impact of fibrosis regression on cardiac function using drugs that targeted not only fibrosis but also myocyte hypertrophy, or assessed diastolic compliance using methods that may not necessarily reflect true in vivo intracavitary mechanics. 11, 12, 31 Our ex vivo PV relationship curves showed no significant difference between SHR receiving vehicle and Ac-SDKP; nevertheless, the curve for the vehicle group was slightly steeper (representing greater stiffness) at pressures Ͼ30 mm Hg, suggesting that the chamber could be more compliant in the collagen-targeted treatment group at supranormally higher diastolic pressures. The lower portion of these curves more likely reflects the in vivo EDPVR, in which no changes were evident. Our results are in agreement with other investigators who found no difference in the passive force-sarcomere length relationship between intact rat trabeculae and skinned myofibrils (lacking the extracellular matrix) throughout the normal myocyte operating length. 32 A steeper curve was seen in the intact trabecula only when it was overstretched.
The mechanism of Ac-SDKP action remains unknown. In addition to inhibiting stem cells in the bone marrow, it inhibits fibroblast proliferation and therefore collagen production. The dose we used produces a similar amount of Ac-SDKP in plasma to that produced when angiotensinconverting enzyme inhibitors block its breakdown, which is important because this dose should not have any significant effect on hematopoietic precursor cells. Recently, it has been reported that Ac-SDKP inhibits transforming growth factor (TGF)-␤1-stimulated phosphorylation of Smad2 in cardiac fibroblasts, 33 this being one of the pathways by which this peptide may exert its antifibrotic effects. Kanasaki et al also showed that Ac-SDKP inhibits TGF-␤-mediated plasminogen activator inhibitor-1 expression via inhibition of the Smad pathway in human mesangial cells. 34 Ac-SDKP may also have other effects, such as inhibiting inflammatory responses. We have previously found that in a rat model of heart failure after myocardial infarction, Ac-SDKP not only reversed cardiac fibrosis but also significantly reduced macrophage infiltration and TGF-␤ expression. 35 Although we did not study the anti-inflammatory effect of Ac-SDKP on the hearts of SHR, this model is not characterized by marked inflammation in the absence of triggers such as myocardial infarction or stroke, making it less likely that this may have affected our results. Another aspect that we explored is the possible effect of Ac-SDKP on neovascularization, which could be important in terms of oxygen supply to the cardiac muscle. In our study, capillary density was unchanged between treated and untreated SHR, suggesting that this was not a confounding factor in our contractility data.
One important limitation of our study is the fact that we did not determine type I/III or cross-linked collagen. It has been suggested that differences in the quality and spatial orientation of collagen more likely to affect diastolic stiffness than is total collagen. 36, 37 It is possible that other investigators' opposite results regarding the improved diastolic compliance that accompanies collagen reduction could be because of the specific cross-linked or type I collagen regression they achieved. 8,38 -40 However, because type I is the predominant collagen phenotype in the LV, it is unlikely that our treatment exclusively targeted other types of collagen. Another limitation of the present work is the fact that we did not evaluate isolated myocyte shortening, which would have been helpful in clarifying whether Ac-SDKP can negatively affect the cellular contractile machinery. However, the fact that the peptide did not modify systolic function indices in normotensive rats strongly suggests that a negative inotropic effect was not responsible for our results.
In summary, treatment of adult SHR with Ac-SDKP normalized LV collagen content without decreasing BP or myocyte hypertrophy. This intervention led to diminished systolic performance without improving diastolic dysfunction.
Perspectives
LVH associated with hypertension is characterized by myocyte hypertrophy and increased interstitial fibrosis. This remodeling of the cardiac chamber is an independent mortality risk factor. Treatment of hypertension must be directed toward adequate control of BP to prevent or reverse target organ damage. Different drugs commonly used in clinical practice have diverse effects on cardiac collagen accumulation and myocyte hypertrophy. Our data suggest that total collagen-targeted treatment per se does not necessarily benefit cardiac function when coexisting BP and/or myocyte hypertrophy are not reduced.
